Solvent exchange (also called solvent shifting or Ouzo effect) is a generally used bottom-up process to mass-produce nanoscale droplets. In this process, a good solvent for some oil is displaced by a poor one, leading to oil nanodroplet nucleation and subsequent growth. Here we perform this process on a hydrophobic substrate so that chose a very well controlled Hele-Shaw geometry with negligible gravitational effects, injecting the poor solvent in the center of the Hele-Shaw cell, and characterize the emerging nanodroplets as function of radial distance and flow rates. We find that the mean droplet volume per area V ol area strongly depends on the local Peclet number P e and follows an universal scaling law V ol area ∼ P e 3/4 . Moreover, the probability distribution function of the droplet volume strongly depends on the local P e as well, regardless of the flow rates and radial distance, giving strong support to the theoretical model of the solvent exchange process developed in Zhang et al's work.
Introduction
The solvent shifting process -also called solvent exchange -is a simple and generic approach for mass-producing droplets or bubbles at solid-liquid interfaces. The droplet or bubble are only several tens to hundreds of nanometers in height, or a few femtoliters in volume. [1] [2] [3] [4] [5] [6] In this process, a good solvent is replaced by a poor solvent, leading to nanodroplets or nanobubble nucleation and subsequent growth on the substrate. The approach has several potential applications, such that it can be used for liquid-liquid microextraction, diagnosis, drug production, extraordinary focusing, micromanufacture and among many others. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] When applied to oil dissolved in a good solvent, the solvent exchange process has the capability of mass-producing surface nanodroplets of oil on substrates in one step.
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In ref. 20 the solvent exchange process was performed in a linear channel, with the flow rate Q and the channel height h as control parameters. The nanodroplet generation for seven different flow rates and three different channel heights between h = 0.33 mm and h = 2.21 mm was analysed. The main result was that the experimentally found mean droplet volume was consistent with the theoretical results derived in the same paper, namely that the areaaveraged volume of the droplet V ol area ∼ h 3 P e 3/4 , where area-averaged volume V ol area is defined by the total volume of droplets over a unit surface area, P e = Q/(wD) is the Peclet number, defined by the flow rate, the width of the channel w = A/h (where A is the rectangular channel cross section), and the mass diffusivity D of the oil, see figure 2G of that paper.
However, for the larger channel heights analyzed in that paper, major convective effects sets in, due to the density difference between the two solvents, leading to considerable inhomogeneities in droplet sizes. Indeed, the role of gravity in the solvent exchange process in such thick channels could later be confirmed in ref.
26
The aim of this present paper therefore is to go to a different geometry, namely to a Hele-Shaw cell: a channel formed by two closely spaced parallel glass plates. The employed Hele-Shaw cell possesses a much smaller cell height of h = 100µm, implying an Archimedes number Ar = gh 3 ∆ρ/(ν 2 ρ)(see ref. 26 ) of Ar = 0.61, where g = 9.81m/s 2 is the gravitational acceleration, ν = 10 −6 m 2 /s is the kinematic viscosity, ρ = 1000kg/m 3 is the density of the fluid for injection (deionized water, in this case), and ∆ρ = 62kg/m 3 is the density difference between a solution to be repelled from the Hele-Shaw cell (water-ethanol solution with the ethanol concentration of 30 vol%, in this case) and the fluid for injection. For
Ar < 1, gravitational effects can be neglected. The Hele-Shaw geometry has the additional advantage that the flow rate now depends on the radial distance r from the point of flow injection, allowing for continuous variation of the local flow velocity, which again leads to the continuous tuning of the Peclet number, which is again the non-dimensionalized flow rate, here given by
As a result, the correlation of nanodroplet formation with Peclet number can be easily investigated. The main question which arises is: Does the relationship V ol area ∼ h 3 P e 3/4 also locally hold in the Hele-Shaw geometry and is thus universal? Figure 1 shows a sketch of the geometry and the employed notations for the nanodroplets.
With this setup, we want to test the fluid dynamical theory of solvent exchange (which can straightforwardly be generalized to the present circular geometry) developed in reference.
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The paper is organized as follows: Section 2 gives the details on the employed method and how the data were collected. Section 3 shows the results, followed by a discussion and the conclusions (section 4). 
Experimental Section

Sample preparation
A circular glass cover slip (GOLO, China) with a diameter of 50 mm was used as the substrate for droplet nucleation and bottom window for observation in the Hele-Shaw cell. The substrate was hydrophobilized by PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene), Mw = 400000, Sigma-Aldrich, USA). To do so, the cover slip was first cleaned in a sonication bath of piranha solution (70% H 2 SO 4 -30% H 2 O 2 solution) for 30 min, followed by the sonication bath of acetone and ethanol for 30 min, then in deionized water 3 times for 5 min.
After that, the sample was dried by nitrogen gas. The dried cover slip was then immersed 
Characterization of nanodroplets
After the tran-anethole droplets had nucleated on the hydrophobic glass substrate, they were characterized by a reflecting fluorescence microscope (IX71, Olympus, Japan). Two objectives (4× and 20×) were used in the imaging of the nucleated droplets. The images taken with the 20× objective were used for morphological analysis, while the ones taken with the 4× objective were used to determine the radial distance r for each selected area in the the optical images taken with the 20× objective. All the optical images (20×) were analyzed using a home designed image segmentation algorithm for the optimized extraction of the droplet footprint diameters. For details of the algorithm, readers are referred to our previous publications.
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For each of the three flow rates, the nucleated nanodroplets with different radial distance r were captured. The number of the captured nanodroplets are 18332, 14403, and 19990
for flow rates of 1000µL/min, 500µL/min, and 300µL/min, respectively. For each Q, the captured droplets were binned in concentric circular bands with a band width ∆r = 100µm.
To extract volumes of the nucleated nanodroplets, a tapping mode atomic force microscopy (TM-AFM) (Resolve, Bruker, USA) was also applied to get high-resolution three dimensional (3D) images of the nucleated droplets, after the growth of the oil droplets was already finished. The nucleated nanodroplets remained in solvent B and were imaged in the liquid mode of TM-AFM. For the duration of the operational time, we did not observed any temporal evolution in the droplet lateral size. The obtained AFM images were analyzed with a home-designed Matlab program to extract the height, width and contact angle of the droplets, as reported in our previous work. 32 After that, the volumes of the nanodroplet can be obtained.
Since 
Fluid dynamics theory of solvent exchange
The scaling law between the final area-averaged volume of the droplet V ol area and the Peclet number P e was established in ref. 20 When gravitational effect in solvent exchange process can be ignored (i.e., for small Archimedes number), the final area-averaged droplet volume scales as:
where C sat and C ∞ are the saturation concentrations of oil in the poor solvent and the actual oil concentration, respectively, and ρ oil is the oil density. This fluid dynamics theory of solvent exchange will be further experimentally validated in this paper. 
Results and Discussion
After solvent exchange, nucleated nanodroplets were attached to the bottom cover slip window. Peclet number P e, as shown in figure 4b, especially for lower P e value (corresponding to larger distance r from the inlet).
The double logarithmic plots of V ol area versus the radial distance r and vs the Peclet number P e are shown in figure 4c,d. It is clear that V ol area shows a -3/4 and 3/4 power law dependence on r and P e, respectively. Most importantly, three curves in figure 4d collapse on one universal curve. These results are consistent with the theoretical prediction (eq. (2)) and provide strong support to the model.
In figure 4c , d, for smaller r or larger P e, the data points for Q = 1000µL/min start to deviate from the -3/4 or 3/4 power law scaling lines. The deviation is likely due to the higher Reynolds number corresponding to smaller r. In the Hele-Shaw cell, the Reynolds number Re at the radial distance r is given by
where v is the kinematic viscosity of the solution (here v = 10 −6 m 2 /s for water). In figure   4c , the red, green, and blue vertical dashed lines correspond to Re = 1 for the flow rates of 1000µL/min, 500µL/min, and 300µL/min, respectively. In figure 4d , Compared to the result reported in ref. 20 ( Figure 2G, therein) , the result shown in figure   2d provide a higher consistency among the experiments with different flow rates. This is attributed to the smaller cell height of h = 100µm, which eliminates gravitational effects (i.e., Ar < 1). The results thus give strong support to our previously developed fluid dynam- After having shown the universality of the 3/4 power law dependence between V ol area and P e, one also wonders on the universality of the probability distribution function (PDF) of the droplet volumes, i.e., on the dependence of the PDFs on P e. To answer this question, the distribution of the droplet volume was calculated. Figure 5a shows the PDF of the droplet volume at different r for the flow rate Q = 1000µL/min (left figure) and at the same radial distance r = 7000µm for different flow rates (right figure). In the left figure, the PDF of droplet volumes shifts rightwards with decreasing r. Similarly, the PDF shifts rightwards with increasing Q in the right figure. Both figures of course reflect that the mean droplet volume increases with P e.
Since P e is continuously varying in the Hele-Shaw cell, this gives us the freedom to select a particular P e value for fixed flow rate. This allows us to compare the distribution of the droplet volume with the same P e value, but different Q. For the three different flow rates, three different local P e values of P e = 442.1, 378.9, and 331.5 were selected.
This corresponds to nine areas in total, three for each of flow rate. The linear and doublelogarithmic plots of the PDF of the droplet volumes for the three selected P e values are shown in figure 5b and c, respectively. Remarkably, it shows that the PDFs of the droplet volume have an universal dependence on the Peclet number, regardless of the radial distances r and flow rates Q.
Conclusions
In summary, we experimentally investigated the formation of surface nanodroplets by solvent exchange under a well controlled flow conditions. Compared to the rectangular cross section channels used in one of our previous study, 20 a Hele-Shaw cell with a cell height of 100 µm was employed. In the new setup, gravitational effects can be negligible. Moreover, the Hele Shaw setup easily allows the continuous tuning of the dimensionless flow velocity -namely the Peclet number P e. By combining a fluorescence optical microscope and an AFM, the height, contact angle, footprint diameter, and volume of surface nanodroplets were extracted for a huge amount of nanodroplets under three different flow rates. The results reveal the underlying mechanism governing the droplet nucleation through solvent exchange. They show that not only the mean droplet volume, but also the PDF of droplet volumes universally depends on the local P e number. Although the size of the nucleated droplets changes with radial distance r and flow rate Q, the mean droplet volume per area V ol area shows a universal 3/4 power law dependence on P e. This is in a good agreement with the model developed in our previous work. 20 Moreover, further investigation shows that the PDFs of the droplet volume also follow an universal dependence on the local P e, regardless of the radial distance r and the employed flow rate Q. The revealed dependences provide an important guideline for the control of the flow conditions in the mass-production of surface nanodroplets, which is very relevant for various applications, such as in diagnostics, liquid-liquid microextraction, drug production, or food-processing.
